Radiative recombination (RR) into the K shell and L subshells of U 92+ ions interacting with cooling electrons has been studied in an x-ray RR experiment at the electron cooler of the Experimental Storage Ring at GSI. The measured radiative recombination rate coefficients for electron-ion relative energies in the range 0-1000 meV demonstrate the importance of relativistic effects. The observed asymmetry of the measured K-RR x-ray emission with respect to the cooling energy, i.e., zero average relative velocity ( v rel = 0), are explained by fully relativistic RR calculations. With our new approach, we show that the study of the angular distribution of RR photons for different relative energies opens new perspectives for detailed understanding of the RR of ions with cooling electrons in cold magnetized plasma.
I. INTRODUCTION
Radiative recombination (RR) is one of the most fundamental processes occurring in collisions of highly charged ions with electrons. In this process a free electron is captured into a bound state of an ion with simultaneous photon emission, which can be written as follows:
The emitted photon carries off the energy difference ω = E − E n between the continuum state with the energy E and the bound electron state E n with principal quantum number n. Detailed nonrelativistic quantum mechanical descriptions of RR were developed by Stobbe [1] and Bethe and Salpeter [2] .
During the last decades the RR was actively studied in various aspects related to atomic and plasma physics, astrophysics, and accelerator physics (see, for example, Refs. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ). In the 1990s, with the introduction of high quality cold electron targets for merged-beam experiments detailed experimental studies of RR became possible. Significant progress could be achieved only when the electron cooling technique was introduced to ion storage rings. An electron cooler provides an intense cold electron beam which is merged with the ion beam circulating in the ring. It is used to cool the stored ion beam by elastic electron-ion collisions but can also be employed as an electron target to study both RR and dielectronic electron-ion recombination (DR) at relative energies reaching down to the μeV range.
The first RR experiment was performed with merged electron and ion beams in a single-pass arrangement [15] . In later RR experiments performed at different heavy ion storage rings (TSR, CRYRING, ESR) for a broad range of bare ions, ranging from He 2+ to U 92+ [16] [17] [18] [19] [20] [21] [22] , total recombination rate coefficients were measured by detecting the recombined down-charged ions. In these experiments total rate coefficients versus the relative electron energy were determined integral over all empty shells up to the field ionization limit n f 1 appearing due to the motional electric fields present in the bending magnets of the ring. These experiments revealed that the measured recombination rate coefficients substantially exceed the theoretical predictions for RR at relative electron energies below the transverse electron beam temperature kT ⊥ . This, so-called, "enhancement" effect is well evidenced experimentally for bare ions, up to U 92+ [22] and also for many-electron ions. Yet, in the latter case, resonances from dielectronic recombination may additionally contribute to the rate coefficient [23] . Additionally, a decisive influence of the magnetic electron-guiding field as well as the longitudinal and transversal electron beam temperatures kT kT ⊥ on the measured RR rates was observed [21, 22] , which is also not expected from RR theory. Despite many attempts [3, 4, 21, 24 ] to explain the above mentioned effects they are still not fully understood. However, it was pointed out that an energy-dependent state-selective measurement of the RR process would provide a more stringent test of corresponding theories, particularly in the case of very heavy ions where relativistic effects need to be taken into account [22] .
At the same time, the x-ray spectroscopy experiments performed at the electron cooler of the Experimental Storage Ring (ESR) with AU 79+ and U 92+ ions [25] [26] [27] [28] [29] demonstrated the importance of observing the direct RR for precisely extracting quantum electrodynamical (QED) effects in high-Z ions. In particular, the observation of RR to the K shell, and of Lyman lines being the result of RR to high Rydberg states followed by deexcitation cascades provided the most precise measurements of the ground-state Lamb shift in H-like ions [29] . Further shell selective RR experiments detecting recombination into K and L shells were performed under cooling conditions, i.e., at zero average relative electron-ion energies. In these experiments it was shown that even in such ultimately low-energy collisions relativistic effects are important [5] . The importance of relativistic and high multipole effects for proper interpretation of radiative recombination data at high electron energies, especially for heavy and highly charged ions, has also been demonstrated during the past decades (see [30] and references therein).
In this paper we report on the first subshell-selective x-ray study of RR of bare uranium ions with electrons in an electron cooler at low nonzero relative electron-ion energies. X-ray emission from recombination into the K shell and the L subshells was recorded for seven different relative electron-ion velocities in the energy range 0-1 eV, including cooling conditions ( v rel = 0). Thus, the present experiment provides greatly improved access to the physics of the RR process. In particular, quite accurate quantification of the RR rate coefficient for "cooling" conditions was obtained by measuring the energy dependence of RR rate coefficients in a wider energy range. As will be demonstrated in this paper, our experimental approach with changing the relative electron-ion energy, allowed us to study the influence of relativistic effects on RR in fine detail. As a consequence, the interpretation of the experimental results was performed by comparison with nonrelativistic and fully relativistic calculations of the RR cross sections. In order to enable such an assessment in great detail, the cross sections were converted to rate coefficients using an anisotropic velocity distribution of the electrons. Likewise, the corresponding changes in the photon emission characteristics for different energies were taken into account.
II. EXPERIMENT
The experiment was performed at the electron cooler of the ESR of the GSI Helmholtzzentrum für Schwerionenforschung (GSI) in Darmstadt, Germany. Bare uranium ions extracted from the UNILAC-SIS accelerator complex were injected into the ESR at an ion energy of 360 MeV/u, phase-space cooled using electron cooling, decelerated down to 23.3 MeV/u, and electron-cooled again in order to guarantee a good beam quality during the measurements. The deceleration technique implemented at the ESR has been described previously [31] . In the present experiment the electron cooler served a twofold task: first, phase-space cooling of the ion beam and, second, the cooler was used as a target of electrons to study the RR process. The electron current and the voltage applied for cooling the ions at the measurement energy were 93 mA and 12.75 kV, respectively. The cooler electron beam usually is described in terms of an anisotropic Maxwell-Boltzmann distribution with transversal and parallel temperatures T ⊥ and T , respectively [32] . Throughout, in this paper kT ⊥ = 120 meV (in energy units) and kT = 0.1 meV are used for the ESR cooler [33] . The electron-guiding magnetic field in the electron cooler was 70 mT. The total length of the straight section of the electron cooler, that is, the interaction zone, was 250 cm. The x rays arising from the RR processes in the electron-ion overlap region, were measured by two germanium detectors (see Fig. 1 ). The detectors were mounted in front of and behind the electron cooler at a distance of about 4.1 m from the center of the cooler interaction region. They were placed close to the ion beam at an angle of about 0.5
• from the ion-beam axis. The efficiencies of the detectors for x-ray energies between 15 and 350 keV were determined using absolutely calibrated radioactive x-ray sources.
In order to suppress the strong background of photons (mainly bremsstrahlung) emitted from the electron beam, the x rays were registered in coincidence with the down-charged recombined U 91+ ions. The recombined H-like uranium ions were separated from the coasting primary beam of bare uranium ions in the dipole magnet right after the electron cooler, and were detected by a position sensitive particle detector-in this case a gas-filled multiwire proportional counter (MWPC)-placed at a suitable position behind the dipole magnet. The measurements were performed at electron cooling conditions ( v rel = 0) and, additionally, at six off-cooling electron velocities. The relative energy between electrons and ions was varied by swiftly and precisely applying voltages of ±60V, ±100V, ±220 V to cylindrical drift tubes located in the overlap section of the two beams. The voltages decelerate or accelerate the electrons but leave the ion beam unaffected. The changes in the electron energy lead to collision energies in the center-of-mass frame of E rel = 69.55, 192.9, 929.2 meV (for positive voltages: v rel > 0) and E rel = 69.89, 194.4, 945.6 meV (for negative voltages: v rel < 0).
The off-cooling energies were chosen such that they are larger than the thermal energy associated with the transversal electron beam temperature (E rel kT ⊥ ). For these energies, the aforementioned enhancement effect (cf. Sec. I and Fig. 2 ) was not observed in previous experiments and hence does not influence our x-ray studies. In order to avoid beam dragging effects of the electrons acting on the ions, which could change the relative energy between electrons and ions to a lower value, and to maintain good beam quality, the drift-tube voltage was changed swiftly (rise time ∼1 ms) and in a meandering voltagetime pattern. After 25 ms measurement at off-cooling energy, the electron energy was put back to its cooling value for 25 ms and then the same voltage of opposite polarity was applied for 25 ms. Experimental data were continuously collected and stored in event mode, thus allowing for a detailed off-line analysis. The corresponding pattern of applied voltages, and the measured voltages versus the RR count rate in the MWPC is displayed in Fig. 3 .
A. X-ray spectra
The x rays emitted during RR of U 92+ ions with electrons in the electron cooler were measured by two germanium detectors. The raw x-ray spectra registered for cooling and off-cooling electron velocities by the detectors placed at angles 0.5
• and 179.5
• are shown in Fig. 4 . In the spectra one can identify the K-RR (n = 1) and L-RR (n = 2; 0.5
• only) x-ray lines arising from direct radiative recombination as well as the Lyman and Balmer series populated by radiative deexcitation cascades following recombinations to higher n states. As a consequence of our coincidence approach the spectra are almost background free, because they were recorded in coincidence with the down-charged ions. Pronounced lowenergy tails are observed for the Lyman x rays measured by the detector placed at the forward direction. The tails originate from the delayed emission of Lyman lines close to the front of the 0.5
• x-ray detector. The delay was caused by rather slow deexcitation cascades feeding the Lyman transitions. Due to a bigger observation angle, these x-ray events had smaller Doppler-shifted photon energies. The intensity of the Lyman lines was effectively increased by the bigger detector solid angle. At the low velocity of the ions of β = 0.22 in units of speed-of-light c together with a time resolution of 20 ns the x rays emitted inside the electron cooler could be distinguished from the delayed x rays emitted close to the 0.5
• x-ray detector because of their different coincidence times. Figure 5 shows raw spectra of delayed and prompt x rays from RR. Here one finds that the spectrum of prompt x rays shows the Lyman lines without the low-energy tails, which indicates that they were emitted inside the electron cooler. On the other hand, the spectrum of delayed x rays is dominated by long-tailed Lyman and Balmer lines, while the K-RR and L-RR x rays are essentially absent. We note that the same method of x-ray spectra analysis was already successfully used in earlier experiments performed at the ESR electron cooler [5, 28, 29] . In contrast to previous experiments, in the present experiment 032710-3
FIG. 4. (Color online)
The raw x-ray spectra measured for cooling and off-cooling electron velocities by detectors placed at angles 0.5
• showing the K-RR x-ray lines from direct radiative recombination to n = 1 shell as well as the Lyman series stemming from radiative deexcitation cascades following recombination to high Rydberg states. For the 0.5
• detector also the L-RR lines (n = 2) from direct recombination and the Balmer series from cascades are visible. the x rays were measured also by a detector placed in the backward direction at 179.5
• . In this case, as one expects, the Lyman lines show no low-energy tails.
In order to obtain the RR x-ray spectra for a given relative electron energy, the prompt x-ray events coincident with registered down-charged particles were attributed to one of the analog-to-digital converter (ADC) voltage peaks (Fig. 3) . As an example the x-ray spectrum measured at 0.5
• and a relative energy of 69.5 meV is shown in Fig. 6 . Such x-ray spectra were used to determine the RR rate coefficient for the discussed K-RR and L-RR processes.
B. Relative ion-electron energy
In the present experiment the relative electron-ion energies were varied by applying voltage to the drift tubes in the electron cooler. In this case the electron kinetic energy E e is determined by the negative electron gun potential U gun and the drift-tube voltage U drift as follows:
Here U space is the space charge potential resulting from the presence of the electron beam on the axis of the drift tube. Assuming uniform current density in the electron beam in an 
where I e is the electron current and r e the classical electron radius. The quantities e, m e , and v e are the electron charge, mass, and velocity while a and b are the radii of the electron beam and the drift tube, respectively. For the electron current used in the present experiment (I e = 93 mA) the space charge potential on the axis of the drift tubes U space was equal to −16 eV. At cooling condition ( v e = v ion ) the energy of the ions can be calculated from the kinetic energy E cool of the cooling electrons:
where m i is the ion mass. The electron energy E e [see Eq. (2)] corrected for the drift-tube voltage and space charge potential, and the ion energy E i determine the relative electron-ion energy:
where μ = m e m i /(m e + m i ) is the reduced mass of the electron-ion pair, θ is the angle between electron and the ion beams, and γ i , γ e are
From Eq. (5) one finds that for fixed ion energy the relative ion-electron energy depends only on two quantities, namely, the angle θ between ion and electron beam and the electron energy which is derived from the cathode voltage of the cooler and the applied drift-tube voltage. Along the electron cooler axis neither the drift-tube potential nor the interaction angle are constant for a given setting. The drift tube covers only 2 m of the total 2.5-m overlap length. The interaction angle is altered by imperfections of the homogeneity of the cooler solenoid and due to the toroidal B fields used to merge and demerge the two beams [22, [33] [34] [35] .
In order to account for the variation of the electric potential along the axis of drift tubes, in particular at their ends, positiondependent relative electron energies were calculated using the expected z dependence of the electric potential on the axis of a finite-length drift tube, given by [36] 
where V 1 = 0 is the potential of the grounded beampipe, V 2 is the applied drift-tube voltage, b is the drift-tube radius, and z denotes the position in the straight electron-ion overlap section of the electron cooler with z = 0 in the center of the interaction region (see Fig. 7 ). In addition, the interaction angle also depends on the position z inside the cooler since the electrons follow the B-field direction. Predominantly, the merging and demerging leads to interaction angles significantly different from zero. Moreover, small imperfections of the main solenoid are taken into account using B-field directions from a field mapping. The interaction angles from the B-field distribution can be found in [33] or more recently in [35] . The results were used in this paper to determine the relative electron energies. For the present experiment the position-dependent relative ionelectron energies E rel (z) in the electron cooler were obtained from Eq. (5) using z-dependent γ e (z) and θ (z).
In Fig. 8 the resulting z dependence of the relative electronion energies in the electron cooler are shown for selected values of the drift-tube voltage. These energies were used for calculating the theoretical rate coefficients to interpret the measured RR rates (see Sec. III). As can be seen from the figure, the calculated distribution of relative energies for a given drift-tube voltage contains contributions of relative energies that are considerably lower than the set voltage, in particular, close to the drift-tube ends. The impact of the distribution of relative energies was found to be important mainly for higher nominal relative energies, that is, for higher drift-tube voltages. Since the RR cross section increases strongly with decreasing E rel the according rate coefficient at nonzero drift-tube voltages is significantly increased due this admixture of lower energies. We note here that this effect was fully accounted for in the evaluation of the RR rate coefficient shown in the following sections.
III. RR RATE COEFFICIENTS
The RR of high-z bare ions with cooling electrons can be treated within the nonrelativistic dipole approximation. Bethe and Salpeter [2] derived a simple formula for the RR cross section to a given shell of a hydrogenlike atom with principal quantum number n. This cross section, as a function of the electron energy E in the ion frame, has the following form:
where σ 0 = 2.1 × 10 −22 cm 2 , E 0 = Z 2 R is the binding energy of an electron in the K shell of an H-like atom with nuclear charge Z, and R = 13.6 eV is the Rydberg energy. Since the classical Bethe-Salpeter formula is valid only for high n the so-called Gaunt factor G n is introduced in Eq. (7) in order to account for deviations of this cross section from the correct quantum result for low n.
The electron energy in the ion frame appearing in Eq. (7) can be expressed in terms of its relative velocity v as follows:
The relative electron velocity v has two components, namely, the collective longitudinal velocity v rel given by the settings of the electron cooler (see Sec. II B) and the longitudinal v and transverse v ⊥ components of thermal electron
with the relative ion-electron energy E rel given by Eq. (5).
In the electron cooler the electrons have a flattened Maxwellian distribution of thermal velocities in the ion frame, f (v rel ,v), centered at the relative velocity v rel . In the experiment an RR rate coefficient α RR (θ lab ,v rel ), depending on the photon emission angle θ lab in the laboratory frame and the actual electron-ion velocity v rel is measured. The RR rate coefficient can be derived by a convolution of the angle-differential RR cross sections dσ RR /d with the thermal distribution of electron velocities [32] :
The flattened (kT kT ⊥ ) Maxwellian velocity distribution of electrons in the electron cooler is expressed, in the ion rest frame, as follows:
Two theoretical approaches have been applied to evaluate the angle-differential RR cross section. First, we used the nonrelativistic dipole approximation [1, 37] which is expected to be adequate for low-energy electrons. Additionally, the dipole approximation gives a simpler insight into the studied RR process. In particular, in the low-energy approximation (E E nl ), i.e., when the electron energy is much smaller than electron binding energy of the final state, the angular dependence of the RR cross section is described by [37] 
where P 2 (cosϑ) = 1 2 (3cos 2 ϑ − 1) is the Legendre polynomial of second order, ϑ is the angle between the electron and photon momenta (see Fig. 9 ), and the asymmetry parameter β nl is a constant, being β 10 = 2 for the K shell [37] . In this case the angular distribution of photons is described by the dipole term sin 2 ϑ (see Fig. 10 ).
FIG. 9. (Color online)
Sketch of the coordinate system considered. Ions move along the z axis, the x,z plane is the plane of the photon emission, ψ is the angle of the electron velocity vector with respect to the ion beam direction, ϑ is the angle between the electron and photon momenta, θ is the photon emission angle in the laboratory frame with respect to the ion beam direction.
FIG. 10. (Color online)
Comparison of differential RR cross sections for the K shell (n = 1) calculated for relative energy of 1 eV by using nonrelativistic and relativistic theory. The relativistic contributions result in the emission of recombination photons opposite the collision axis defined by the momentum of the incoming electron as seen from the ions. Note that for such low relative energy the maximum of the cross section distribution shifts to angles beyond 90
• .
In order to express the angular distribution of RR photons with respect to the ion beam direction one finds (see Fig. 9 ):
where ψ is the angle between the electron velocity and the ion beam direction. It can be expressed in terms of the electron velocity components:
As one can see from Eq. (13), in the nonrelativistic dipole approximation the differential cross sections
are expressed in terms of sin 2 θ and are thus symmetric with respect to the direction perpendicular (θ = 90
• ) to the cooler axis. At cooling conditions, that is, v rel = 0 this can be easily understood taking into account that for the flattened velocity distribution of electrons in the electron cooler the electron-ion collision direction is mainly perpendicular to the electron cooler axis. The corresponding distribution of the RR photons in the ion frame is expected to have a forward-backward symmetry described by the characteristic dipole term sin 2 θ . The description of the RR process given above is valid in the moving frame of the ion and can be transformed to the laboratory system using well-known relations between photon emission angles:
and solid angles:
in both systems of coordinates. These transformations were used later to relate the measured and calculated RR rate coefficients.
In the present experiment the RR rate coefficients were measured by observing x-ray photons at small angles in forward and backward directions with respect to the electron cooler axis. Consequently, the intensities of the measured x rays were very sensitive to the fine details of the angular distribution of the emitted RR photons, in particular, close to angles θ = 0
• and θ = 180
• . In this context the relativistic calculations of the RR cross sections were important, since it is well known that relativistic effects can influence the angular distribution of RR photons more strongly than the angle-integrated total cross section, even for low relative electron energies. For this reason fully relativistic calculations of the RR cross sections were performed within the framework of the Dirac theory. Within this approach the angle-differential RR cross section reads [30, 38] 
where α is the fine structure constant, m e is the electron mass, λ c is the Compton wavelength, and γ = (1 − β 2 ) −1/2 is the Lorentz factor with β = v e /c denoting the reduced electron velocity. In this formula the wave functions ψ n b κ b μ b and ψ pm s are exact solutions of the relativistic Dirac equation for the bound and continuum electron, respectively. The transition operator αu λ e −ikr describes the relativistic electron-photon interaction, which accounts not only for electric dipole but also higher order (electric and magnetic) multipole terms. It is worth noting that QED corrections to the RR cross section for capture to the n = 1 shell of bare uranium are of the order of 1% [39] . Therefore they were neglected in the calculations. The nondipole contributions result in the emission of recombination photons opposite the collision axis defined by the momentum of the incoming electron as seen from the ion (see Fig. 10 ). This so-called spin-flip transition, which is forbidden within the nonrelativistic dipole approximation [1] leads, in turn, to asymmetry in the recombination rate coefficient α RR (θ lab ,v rel ). When the electrons are moving faster than the projectile ion (v rel > 0), the electron-ion collision axis, on average, coincides with the beam direction and, hence, K-RR photons are more likely emitted in backward directions in the laboratory frame, whereas the forward emission is predominant for v rel < 0 (that is, when the ions move faster than the electrons). As a result, in the chosen region of relative energies, the angular distribution of emitted photons strongly depends on the relative electron energy. The x-ray emission pattern changes from parallel to perpendicular to the ion beam axis (see Fig. 11 ). Making use of Eq. (10), and Eq. (12) or Eq. (17) the nonrelativistic and fully relativistic angle-differential RR rate coefficients were derived from the cross sections:
In order to compare the experimental rate coefficient measured for a given nominal relative energy, obtained by setting the voltages in the electron cooler, the actual distribution of relative electron energies E rel (z) in the electron cooler has to be considered (see Fig. 8 and earlier discussion). In order to account for this distribution, the theoretical predictions of the RR rate coefficients were integrated over the relative electron energy distribution, as a function of the ion position z in the electron cooler:
In this way the effective values of angle-differential RR rate coefficients were calculated taking into account the variation of the electron relative energy along the interaction zone of length L in the electron cooler. The obtained values were compared with the experimental RR rate coefficients.
IV. RESULTS AND DISCUSSION
The measured rate coefficients for RR into the K and L shells in the energy range 0-1000 meV were compared with theoretical predictions based on the nonrelativistic and • . The data are compared with the predictions of relativistic [40] and nonrelativistic [1, 37] calculations assuming the electron beam transverse temperature of kT ⊥ = 120 meV. The description "corrected" means the calculations with Eq. (19) applied. Negative (positive) relative energy means the ions are faster (slower) then the electrons.
relativistic angle-differential RR cross sections for a flattened (kT kT ⊥ ) Maxwellian velocity distribution described with temperatures kT ⊥ = 120 meV and kT = 0.1 meV. The calculations of the RR rate coefficients showed that the transverse electron temperature has a significant influence on the calculated rate coefficient-it changes the value for the absolute RR rate coefficient and also the shape, in particular, for the lowest electron energies. In contrast, the longitudinal electron beam temperature T has only a small influence on the calculated RR rate coefficient. We found that modifications of the longitudinal temperature in the range kT = 0.1 mV ± 0.05 mV change the absolute value of the RR rate coefficient but practically do not change the shape. Similarly, we checked a possible influence of the uncertainty of determining the x-ray detector angle on the RR rate coefficient and we found that changing the angle in the range θ lab = 0.5
• ± 0.2
• practically does not change the calculated rate coefficients.
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In order to compare the measured and the calculated RR rate coefficients in the electron energy range 0-1000 meV the experimental rate coefficients were normalized to the relativistic theory predictions, which were corrected for the distribution of the relative electron-ion energies along the electron cooler [see Eq. (19) and Fig. 8] , by multiplying the data with a constant normalization factor. The measured RR rate coefficient for zero relative energy (E rel = 0) was excluded from the fitting since for the cooling condition the results could be affected by the aforementioned recombination enhancement effect.
The measured dependence of the rate coefficient for Kshell RR of U 92+ ions with electrons in the energy range 0-1000 meV is shown in Fig. 12 . The experimental K-RR rate coefficients shown in this figure are compared with the predictions of the nonrelativistic dipole approximation [1, 37] and fully relativistic calculations [40] . The calculated K-RR rate coefficients, which were corrected for the variation of the relative electron energy along the electron cooler (see Fig. 8 ), better reproduce the energy dependence of the measured K-RR rates for off-cooling energies (E rel = 0) if the relativistic effects are taken into account, which is confirmed by a chi-squared test. Generally, the relativistic calculations, in contrast to the nonrelativistic ones, predict an asymmetry of the RR rate coefficients for the K shell with respect to zero relative energy, i.e., the electron cooling condition. This prediction is supported by the experimental results as shown in Fig. 12 . The expected asymmetry is very small for relative energies E rel < 0.1 eV and becomes increasingly more important for increasing relative energies. The interpretation of this effect is related to the asymmetry of the relativistic RR cross section due to the spin-flip effect (see Fig. 10 ). Consequently, for very low relative electron energies (E rel < kT ⊥ ) the momenta of electrons for a flattened Maxwellian velocity distribution are predominantly perpendicular to the electron cooler axis and thus the observed photons are emitted along this direction, i.e., at angle ϑ = 90
• where the relativistic effects are rather small. On the other hand, for higher relative electron energies (E rel kT ⊥ ) their momenta are nearly parallel to the electron cooler axis and the observed photons are emitted at angles close to ϑ = 0
• (v rel > 0) and ϑ = 180 • (v rel < 0), i.e., at angles where the relativistic effects cause the strongest difference. In fact, this is the reason for the observed asymmetry in the measured dependence of the K-shell RR rate coefficient upon the relative electron energy.
For the radiative recombination to the L shell the rate coefficients were measured for the L 1,2 subshells (2s 1/2 ,2p 1/2 ) and the L 3 subshell (2p 3/2 ). The individual contributions of the L 1 and L 2 subshells could not be resolved in the measured x-ray spectra (see Fig. 5 ) since the L 1,2 subshells are only separated by 75 eV which is much less than the resolution of a typical germanium detector in this energy range. The measured RR rate coefficients for the L 1,2 and L 3 subshells for the studied electron energy range E rel = 0-1000 meV are shown in Figs. 13 and 14 , respectively, where they are compared with theoretical predictions of RR obtained from both nonrelativistic and fully relativistic calculations. The measured RR rate coefficients for the L shell show a weaker asymmetry with respect to the electron cooling energy (E rel = 0) than the ones for the K shell. This can • . The data are compared with the predictions of the relativistic [40] and nonrelativistic [1, 37] calculations assuming the electron beam transverse temperature kT ⊥ = 120 meV. Negative (positive) relative energy means the ions are faster (slower) than the electrons.
FIG. 14. (Color online)
The L 3 -shell RR rate coefficient measured versus the relative electron energy by the x-ray detector placed at 0.5
• . The data are compared with the predictions of the relativistic [40] and nonrelativistic [1, 37] calculations assuming the electron beam transverse temperature kT ⊥ = 120 meV. Negative (positive) relative energy means the ions are faster (slower) than the electrons. be understood as a result of nonzero RR cross sections at ϑ = 0
• and ϑ = 180
• angles for recombination to the p states [37] . Consequently, the relativistic effects do not influence the forward-backward asymmetry as much as for the s state in the K shell. This also partly explains the slightly different asymmetry observed for the L 1,2 subshells, being a mixture of s and p states, and the L 3 subshell which is a p state.
In general, the fully relativistic calculations of RR performed for the K and L shells describe the measured rate coefficients reasonably well (within ±20%) for off-cooling electron energies (E rel = 0), reproducing the observed asymmetry with respect to zero relative electron energy (E rel = 0). Based on this overall good agreement for nonzero collision energies we also estimated the magnitude for RR enhancement present in our data for both the K and L shell at the zero relative electron energy. For all three cases we obtain an enhancement factor in the range of 1.5-1.8 albeit with an unknown systematic error. This systematic error stems from the very strong sensitivity of the experimental setup to the various input parameters for the correction of the theory curves with respect to the distribution of relative velocities. This correction is most sensitive for cross-section features with steep slope, in case of the RR close to 0. If this finding of an enhancement for RR into low-n shells can be verified in a dedicated experiment with a further improvement of experimental conditions, the result would be very important for a better understanding of the RR process in the electron cooler plasma.
V. CONCLUSIONS
The radiative recombination of U 92+ ions with electrons was studied in a subshell-selective manner by observing the emitted x-ray photons from recombination into the K and L shells for relative electron energies in the range 0-1000 meV, that is, for the first time in an electron cooler at nonzero collision energies. The measured electron energy dependence of the RR rate coefficients was found to be sensitive to relativistic effects. The present experiment yielded also hints for an enhancement of RR rate coefficients into the K and L shells, i.e., into low-n shells. This new experiential method is very promising for further experimental studies, for example, with more energy steps, in particular also across and below the onset threshold of the RR enhancement.
